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The Spring 1998 Northeastern Gulf of Mexico (NEGOM) Cold Water 
Event: Remote Sensing Evidence for Upwelling and for Eastward 
Advection of Mississippi Water 
(or: How an Errant Loop Current Anticyclone Took the 
NEGOM for a Spin) 
FRANK E. MULLER-KARGER 
Temperatures of coastal waters along the Florida Panhandle in the northeastern 
Gulf of Mexico were 2-6 Clower in May-July 1998 than is normal for these waters 
at this time of the year. Surface temperatures were up to 7 C colder than air 
temperatures measured nearby off Alabama at National Data Buoy Center 
(NDBC) buoy 42007. Satellie data from the Advanced Very High Resolution Ra-
diometer, Sea-viewing Wide-Field-of-View Sensor, the Ocean Topography Experi-
ment, and European Remote-sensing Satellites altimeter sensors were combined 
with wind, air temperature, and water temperature data gathered at NDBC buoys 
to document the anomalous wind, temperature, and river plume dispersal pat-
terns. The difference between the water and air temperatures suggests that up-
welling caused the cooling of coastal waters. Eastward, upwelling-favorable winds 
stronger than 3 m·s- 1 occurred along the Alabama coast up to 32% of the time 
between May and August 1998 compared with only about 20-26% during the same 
months in 1996, 1997, and 1999. The altimeter data suggested that a large anti-
cyclonic eddy migrated far into the northeastern Gulf of Mexico, interacting with 
shelf waters through August 1998. Upwelling was probably enhanced by the pres-
ence of baroclinic structure associated with the eddy. The eddy contributed also 
to convergence near the Mississippi River Delta, eastward flow along the coast, 
and offshore flow in the region between Fort Walton Beach and Cape San Bias, 
FL. The region experienced anomalously high river discharge during this period 
as a result of increased precipitation over northern Florida (a teleconnection to 
El Niiio of 1997-1998), and further, turbid Mississippi River water dispersed east-
ward along the coast. Decay of local phytoplankton blooms off northern Florida 
in late June and early July 1998 probably followed after eastward winds relaxed, 
westward winds increased, and low-salinity waters led to vertical stability in the 
water column, possibly leading to hypoxia along these shores. 
I n May 1998, the Remote Sensing Lab of the University of South Florida distributed a se-
ries of satellite images to various researchers 
involved in a Minerals Management Service 
program designed to study the northeastern 
Gulf of Mexico (NEGOM), alerting them of a 
strong upwelling event along the coast of the 
Florida Panhandle. By June and July 1998, 
alarming reports appeared in the local press of 
"strange" water and "unusual" conditions 
along the northeastern shores of the Gulf of 
Mexico between Pensacola and Panama City, 
FL (Fig. 1). Fishermen and the public reported 
massive fish kills and green or brown water 
filled with flocculates. News articles cited bot-
tom-dwelling crab, shrimp, and small flounder 
swimming on top at the surface and massive 
amounts of shellfish delivering spat. These re-
ports also announced the sudden arrival of 
cold water at the shore, with one account sug-
gesting a 9 C drop in temperature in about 24 
hr. The National Marine Fisheries Service re-
ported low oxygen concentrations in waters at 
the inlet to St. Andrew Bay by Panama City 
(Collard et al., 2000), but the media reports 
led to the conclusion that hypoxia was wide-
spread. These anecdotal accounts linked fish 
kills to cold, low-oxygen, low-salinity, and dis-
colored water spreading along the coast. Un-
fortunately, it was not possible to coordinate 
resources fast enough to conduct detailed sci-
entific ship surveys of the event. To date there 
are no reports of data that could help assess 
the extent of this inferred hypoxia. The local 
press from Louisiana to central Florida cov-
ered the event through the end of July 1998, 
and scientific and government institutions 
were called upon to explain the mysterious 
anomaly. 
It is hard to decipher what really happened 
© 2000 by the Marine Environmental Sciences Consortium of Alabama 
1
Muller-Karger: The Spring 1998 Northeastern Gulf of Mexico (NEGOM) Cold Water Ev
Published by The Aquila Digital Community, 2000
56 GULF OF MEXICO SCIENCE, 2000, VOL. 18(1) 
··~··2...... . 
..... NDBC·4200t .......... . 
, ............. : ....... . 
.. . . ; .. . NP.e.c .4?.040 ... 
-84 
0• 
0 
N 
()) 
-88 -86 -84 
Fig. 1. Coastal zone of the NEGOM, encompassing the area between 26 and 31.5°N and 82 and 90"W. 
Squares show the stations from which SST time series were constructed with the AVHRR images (positions 
shown in Table 1). The filled circles show the location of NDBC meteorological buoys 42040 and 42007, 
which provided wind, air temperature, and water temperature observations. 
in the NEGOM during May, June, and July 
1998 with the information available from news 
reports. The information in the various reports 
does not seem to add up. For example, how 
abnormal are cold temperatures along the NE-
GOM coastline? Why would cold water have 
low salinity, be discolored, and have low dis-
solved oxygen? Were the cold water tempera-
tures due to sensible heat loss during a cold 
air spell or to wind-driven coastal upwelling? Is 
it possible that both river water and upwelling 
affected the coast at about the same time? This 
study sheds some light on these events and 
helps separate fact from fiction. 
During the spring and summer 1998, various 
oceanographic satellites collected data over 
the affected area. Here, these data are used to 
1) assess the magnitude of the temperature 
anomaly observed along the NEGOM coast, 2) 
trace the source of the discolored water, and 
3) evaluate the possibility of recurrence of the 
cold water and low oxygen phenomena. 
METHODS 
To conduct this study, three primary satellite 
data sets were used. Sea surface temperature 
(SST) was derived from infrared (IR) obser-
vations collected by the Advanced Very High 
Resolution Radiometer (AVHRR) sensors 
flown on the National Oceanic and Atmo-
spheric Administration's (NOAA's) polar or-
biting satellite series. A total of 4,077 AVHRR 
images, collected over the NEGOM between 
September 1993 and July 1999, were used. 
Data were collected with the high resolution 
picture transmission antenna located at the 
University of South Florida, St. Petersburg, FL 
(http:/ /paria.marine.usf.edu). All passes from 
all satellites were combined to build the time 
series (nighttime and daytime passes from the 
NOAA 11-14 satellites). SST was computed 
with the multichannel sea surface temperature 
algorithm developed by McClain et al. (1985). 
The approximate root meari square (rms) er-
ror of the AVHRR SST retrievals, confirmed in 
this study through comparisons with in situ 
data, is of the order of 0.5 C (see also McClain 
et al., 1983; Strong and McClain, 1984; Walton, 
1988; . Wick et al., 1992). SST fields were 
mapped to a cylindrical equidistant projection 
covering the Gulf of Mexico at a spatial reso-
lution of 11.5 km2 per pixel. 
Local time series of SST were constructed by 
averaging all observations within· boxes of 3 X 
3 pixels (132 km2) for each image. Series were 
extracted for three boxes, labeled as "stations" 
1-3 in Figure 1 and Table 1. The first station 
was offshore in the central eastern Gulf of 
Mexico and sampled the oceanic area routine-
ly affected by the Loop Current. Station 2 was 
located within 15 km of the coast, west of Mo-
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TABLE l. Center latitude and longitude for 3 X 3 pixel boxes (103 km2 ) from which SST was extracted 
from AVHRR images (stations shown in Fig. 1). 
Station Latitude Longitude Area 
1 
2 
3 
27.1913°N 86.1251°W NE central Gulf of Mexico 
30.0859°N 88.3517°W West of Mobile Bay 
30.3200"N 86.7500°W Off Fort V\Talton Beach 
bile Bay, and toward National Data Buoy Cen-
ter (NDBC) buoy 42007. Station 3 was also 
within 15 km of the coast but off Fort Walton 
Beach, FL. This region was identified through 
visual inspection of the images as where the 
coldest coastal temperatures occurred in the 
NEGOM. 
Wind speed and direction as well as air and 
in situ water temperature were obtained from 
NDBC buoys 42040 (29.18°N, 88.30"W) and 
42007 (30.1°N, 88.78°W) (Fig. 1). Winds from 
buoy 42040 were used in comparison with the 
AVHRR-derived SST series because this buoy 
was farther from land than buoy 42007 and 
presumably was representative of winds in the 
NEGOM. Air and water temperature data from 
buoy 42007 were used for comparisons with 
the AVHRR-derived SST because this buoy was 
closer to the coast, and one objective of the 
study was to validate coastal temperatures. 
Phytoplankton "chlorophyll-a concentra-
tion" fields were derived from the Sea-viewing 
Wide-Field-of-View Sensor (Sea WiFS), also 
known as Orbview II. This ocean color satellite 
sensor is flown jointly by the National Aero-
nautics and Space Administration (NASA) and 
Orbimage Corporation. The data were pro-
cessed with the atmospheric correction algo-
rithms described by Gordon and Wang (1994) 
and the bio-optical algorithm described by 
O'Reilly et al. (1998). There are unresolved is-
sues that lead to severe errors in estimates of 
chlorophyll-a with the use of SeaWiFS data in 
coastal zones, particularly in Case II waters 
(Morel and Prieur, 1977). Here, the SeaWiFS 
chlorophyll-a images are used primarily to in-
fer the dispersal pattern followed by Mississippi 
River water into the area of concern. These 
discolored waters are very distinct in these im-
ages. The data are not used to determine ac-
tual phytoplankton concentrations. 
Finally, circulation patterns were inferred 
from spatial patterns in the IR and ocean col-
or images, and also from satellite altimetry, 
with the sea surface height (SSH) and geo-
strophic current approximation products 
generated by Robert Leben at the Colorado 
Center for Astrodynamic Research (Univer-
sity of Colorado; http:/ /www-ccar.colorado. 
edu/ -leben/research.html). These prod-
ucts incorporate data from the Ocean To-
pography Experiment (TOPEX) and Euro-
pean Remote-sensing Satellites (ERS) satel-
lites. 
RESULTS 
AVHRR SST.-Huh et al. (1978) described a 
cross-shelf gradient in SST in winter 1976-1977 
in the NEGOM on the basis of AVHRR satellite 
data. A multiyear time series of images (1994--
1999) shows that the large-scale changes ob-
served by Huh et al. over this area are seasonal. 
The time series of AVHRR images also shows 
pronounced anomalies in the form of cold 
patches within 40 km of the coast of the Flor-
ida Panhandle in May, June, and July of 1998. 
Figure 2 shows examples of the imagery. Fig-
ure 3 presents SST extracted at one offshore 
location (Station 1) and off Fort Walton 
Beach, FL (Station 3 in Table 1 and Fig. 1). 
Although the entire coast of the Florida Pan-
handle (starting immediately east of Mobile 
Bay through Cape San Blas) was cool between 
May and June 1998, the area in the immediate 
vicinity of Station 3 featured slightly cooler 
temperatures (about 0.5-1 C). 
Figure 4 shows air temperatures at NDBC 
buoy 42007, located to the west of Mobile Bay 
(Fig. 1). Figure 4 also shows surface water tem-
peratures measured at this buoy (in situ) and 
near the buoy with the AVHRR (Station 2). 
AVHRR SST derived for Station 3 were also 
overlaid on Figure 4. These data have all been 
smoothed with a five-point running mean filter 
(the AVHRR series contain up to eight obser-
vations per day, and the buoy series consist of 
hourly observations). 
The offshore station taken in the central 
eastern Gulf of Mexico (Station 1) shows an 
annual temperature range of about 9-11 C, 
from -31 C in June-August to -20-23 C in 
February-March (Fig. 3). This region shows 
winter temperatures that are warmer than all 
coastal locations in the NEGOM. Warm winter 
anomalies are observed when the Loop Cur-
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Fig. 2. AVHRR-derived SST on (1) 21 May 1995, (2) 17 May 1996, (3) 12 May 1998, (4) 4June 1998, 
(5) 7 June 1998, and (6) 17 July 1998. SST (C) has been coded according to the color bar included. Note 
that exu-emely high SSTs (>30 C) are shown in blue-grey. Clouds and missing data are shown in black, and 
land is shown in grey. 
rent or one of its warm eddies intrudes north 
of 27°N, as in January and February 1996 and 
1998. In contrast, coastal waters feature cold 
temperatures ( ~ 12 C) in January-February. 
These are, indeed, some of the coldest surface 
temperatures seen in the Gulf on a seasonal 
basis. A cold water tongue extends southward 
along the West Florida Shelf starting usually 
around November, and persists through May. 
All waters in the region, including those in the 
cold plume, show a seasonal temperature in-
crease after March. The structure of this cold 
plume is shown in panels 2 and 3 of Figure 2. 
This feature, which may extend from Cape San 
Blas to the Florida Keys and into the Florida 
Strait, is also associated with high pigment con-
centrations (Gilbes et al., 1996). 
The AVHRR images frequently show that in 
May Mississippi River water that enters the 
ocean is colder than surrounding waters (pan-
els 1, 3, Fig. 2). However, this temperature sig-
nal becomes indistinguishable from that of 
oceanic waters nearby within a few kilometers 
of the coast. The May 1996 image (panel 2, Fig. 
2) shows a much larger plume of about 23 C 
that originated in the coastal zone of the Flor-
ida Panhandle and extended to the southeast 
along the shelf break of the West Florida Shelf. 
Figure 3 shows that SST in the NGOM in May 
(19-25 C) is always lower relative to SST in the 
central Gulf of Mexico ( ~25-27 C). Coastal 
zones in the NEGOM experience a fast rate of 
SST increase (up to 0.25 C per day) between 
early May and mid:June (Fig. 4). By June, tem-
peratures throughout the region are more uni-
form, with both offshore and coastal waters 
above 25-27 C (Fig. 3). 
Of interest here are the pronounced cold 
water patches seen along the Florida Panhan-
dle east of Mobile Bay. One instance was ob-
served in May 1995, when SST off Mobile Bay 
reached ~23 C, or about 1-2 degrees below 
surrounding waters (panel I, Fig. 2). There are 
several examples of narrow ( <20 km wide) 
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Fig. 3. SST time series offshore in the central eastern Gulf of Mexico (Station 1 in Table 1 and Fig. 1; 
solid line) and immediately off the Florida Panhandle coast (Station 3 in Table 1 and Fig. 1; thin broken 
line). 
bands of cold water along the coast of the Flor-
ida Panhandle, and they were observed at any 
time between May and August in different 
years. However, of the images examined be-
tween 1994 and 1999, those for 1998 showed 
the most intense springtime cooling and also 
the coldest coastal water patches (panels 3-6, 
30 
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26 
§: 24 
f-
22 
20 
18 
Fig. 2). In May, June, and July 1998, waters 
along the Florida Panhandle west of Cape San 
Bias were between 2 and 6 C cooler than SST 
for those months in 1996 and 1999 (data not 
shown). They were also 3-4 C, and on occasion 
up to 7 C, cooler than water and air tempera-
tures immediately off the coast of Alabama 
AVHRR Station 3 
16+---B-~--L--,------~-----.------~----~-----,------.-----~--~ 
Apr-98 May-98 Jun-98 Jul-98 Aug-98 
Time 
Fig. 4. Air and water temperature measured at NDBC buoy 42007 and AVHRR-derived SST at Stations 
2 and 3 during the period for which water temperatures off the Florida panhandle were cooler because of 
coastal upwelling (April-August). 
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Fig. 5. Wind speed and direction (the direction wind blew from) from 1 May through 30 July 1998 at 
NDBC buoy 42040 (29.18°N, 88.300W; Mobile South, 64 nautical miles south of Dauphin Island, AL; see 
Fig. 1). Vertical lines represent the range of values in wind direction (or speed) experienced in a particular 
day, with the horizontal line joining consecutive days. 
(Fig. 4) at NDBC buoys 42040 and 42007 (see 
Fig. 1). There were marked cooling events ob-
served along the Florida Panhandle in each of 
these months (May-July), during which the 
cold coastal wedge varied in width from un-
detectable to about 40 km, showing differences 
of several degrees between occurrences over 
scales of 2-10 d. 
In early May 1998, AVHRR imagery showed 
a very narrow ( <20 km) band of cold temper-
atures along the coast between Cape San Blas 
and the entrance to Mobile Bay (panel 3, Fig. 
2). SST lower than 18 C was seen in the coldest 
patch, located between Pensacola and Fort 
Walton Beach, FL. By May 16, warm tempera-
tures were seen along the Panhandle coast, but 
the cold wedge returned on May 19. In late 
May, coastal waters warmed up again (Fig. 4). 
These cold patches appeared stretched toward 
offshore and to the east (panel 3, Fig. 2), and 
ultimately they appeared to disperse to the 
southeast along the shelf edge of the West Flor-
ida Shelf. 
Winds.--Figure 5 shows variation in wind speed 
and direction at NDBC buoy 42040 to the east 
of the Mississippi Delta between May and Au-
gust 1998. For 1996-1999, winds were stronger 
than 3 m·s-1 greater than 65% of the time be-
tween 1 May and 31 August each year. How-
ever, winds had an eastward component (wind 
direction greater than 220 degrees) 32% of the 
time between May and August only in 1998. 
This is in contrast to 20% in 1996, 26% in 
1997, and 22% in 1999 over the same time pe-
riod. 
The wind at the beginning of May 1998 was 
about 7 m·s- 1 from the west, but it quickly de-
creased and reversed to reach about 3 m·s- 1 
from the east by 6 May. It then reversed again, 
and by 10 May, it reached over 9 m·s- 1 blowing 
from the west. This coincided with a cooling 
in coastal temperatures as observed in the 
AVHRR image for 11-13 May (panel3, Fig. 2). 
Winds decreased afterward and reached al-
most 1 m·s-1 in mid-May. Stronger winds (>6 
m·s-1) were experienced during 27-29 May 
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1998, but blowing from the ESE. During this 
period, coastal waters warmed up rapidly to 
about 26 C (Fig. 4). 
In the first few days of June 1998, winds re-
versed again (Fig. 5), increasing to nearly 8 
m·s- 1 from the WSW. This event was accom-
panied by marked cooling in air temperatures, 
from about 27 C in late May to an average of 
about 24 C on 7 June 1998. Water tempera-
tures in the vicinity of the NDBC buoys closely 
followed air temperatures. However, cooling 
off the Florida Panhandle was much more pro-
nounced, and surface temperatures off Fort 
Walton Beach (Station 3) reached 18-19 Con 
4-7 June (panels 4, 5, Fig. 2; Fig. 4). Winds 
then reversed and decreased in speed, air tem-
peratures increased to over 27 C, and AVHRR 
images for 10 June showed SST at Station 3 
had increased to 26-27 C. Another wind rever-
sal after 10 June led to the strongest winds of 
the month by 15 June, with winds over 8 m·s-1 
from the west, and AVHRR data showed anoth-
er drop in SST to about 22 C whereas air tem-
peratures increased above 28 C (Fig. 4). The 
second half of June was very cloudy, which cor-
responded with a period of very low winds. A 
thin wedge of cool waters, however, could be 
seen again around 29-30 June, after moderate 
winds with an eastward component on June 28 
(Fig. 5). 
Winds in early July were moderate (1-5 
m·sec-1), but during 10-19 July, winds were 
very strong (6-8 m·s- 1) and from the west (Fig. 
5). Air temperatures during this period were 
as low as 26 C, similar to waters west of Mobile 
Bay. However, SST off the Florida Panhandle 
was generally up to 5 C cooler than air tem-
peratures during this period (Fig. 4) and near-
ly 3 C below those seen during July of other 
years. Panel 6 of Figure 2 shows the spatial dis-
tribution of SST, with nearshore temperatures 
along the entire coast of Florida west of Cape 
San Blas 3-6 C lower than water farther off-
shore. 
Sea WiFS.-Figure 6 shows the chlorophyll-a 
product derived from Sea WiFS ocean color im-
agery for selected dates between April and Au-
gust 1998. With the use of the sequence of 
SeaWiFS images shown in panels 2-6 of Figure 
6 (1-18 May 1998), the inference was made 
that a bolus of highly discolored and turbid 
Mississippi River plume water spread east of 
88"W over a period of about 10 d and then 
continued moving east along the coast. The 
image for May 3 (panel 3, Fig. 6) suggests the 
bolus originated in the western sector of the 
Mississippi Delta (west of 89°W) and that it 
rounded the tip of the delta, entering the east-
ern sector (east of 89°W). This eastward move-
ment was likely driven by the strong (9 m·s-1) 
wind observed blowing from the west-south-
west during the first week of May (Fig. 5). The 
SeaWiFS image for 13 May (panel 5, Fig. 6) 
also shows an area of over 100 km diameter 
with low pigment concentrations in the NE-
GOM centered around 27.75°N, 86.25°W. This 
is the signature of an anticyclonic feature 
lodged in the NEGOM. 
A portion of the Mississippi water that 
moved east in May 1998 was entrained in a 
small (~50 km diameter) cyclonic eddy locat-
ed off the tip of the delta near 28.25°N, 
88.75°W (panels 4, 5, Fig. 6). However, most of 
this turbid water continued to flow to the 
north and east, past the Chandeleur Islands. 
Over the period 11-18 May (panels 4-6, Fig. 
6), this turbid water spread in a narrow plume 
east of Mobile Bay along the coast (north of 
30°N and between 86 and 89°W). On 18 May 
(panel 6, Fig. 6), coastal turbidity reached very 
high levels along the coast west of 86°W, and 
the Sea WiFS processing software masked coast-
al pixels as invalid (white mask). Farther to the 
east, immediately to the east of Fort Walton 
Beach and before Panama City, the discolored 
plume turned offshore and to the southeast. 
The large amount of discolored water de-
rived from the Mississippi River Delta was 
trapped in the NEGOM during the second half 
of June and the early part of July 1998. As 
winds became westward after 10 June, the Mis-
sissippi water seemed to move toward the west. 
As water from the Mississippi and other rivers 
was pushed against the Chandeleur Islands 
and the Mississippi Delta, this discolored 
plume spread over a large area along the Ala-
bama and Florida Panhandle coasts (panels 7, 
8, Fig. 6). This water was dispersed (panel 9, 
Fig. 6) after winds switched again to the east 
and gained in strength in mid :July (Fig. 5). 
Altimetry.-A large anticyclone shed by the 
Loop Current in March 1998 moved into the 
NEGOM, where it remained for about 3-4 mo. 
Although it was detected in the AVHRR and 
SeaWiFS images, it was most clearly outlined in 
the SSH and geostrophic current fields esti-
mated from the TOPEX/Poseidon and ERS al-
timeters. This anticyclone brought warm water 
into the otherwise colder NEGOM (see warm 
peak between February and April 1998 in Sta-
tion 1, Fig. 3). In April-July 1998, the Loop 
Current proper remained south of 25°N. 
Figure 7 shows SSH fields for the Gulf of 
Mexico for mid-May and mid:July 1998. The 
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Fig. 6 The 1988 SeaWiFS imagery for (1) 24 April, (2) 1 May, (3) 3 May, (4) 11 May, (5) 13 May, (6) 
18 May, (7) 15 June, (8) 5 July, and (9) 27 August. Purple and blue show clear waters, and green, yellow, 
and red show increasingly turbid waters. Extremely turbid coastal waters (panels 2, 3, and 6) and some 
clouds (SW to NE diagonal front in panel 2) are masked white. Other clouds and missing data are masked 
black. 
TOPEX/ERS-1 Analysis May 14 1998 TOPEX/ERS-2 Analysis Jul15 1998 
27'N 
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Fig. 7. Geostrophic velocity and SSH in the Gulf of Mexico inferred from blended TOPEX/Poseidon 
and ERS altimeter data for mid-May and mid:July 1998 (courtesy of R. Leben, University of Colorado). 
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strong anticyclone maintained an ellipsoidal 
shape with its major axis oriented NW to SE 
throughout the June-August period. SSH val-
ues of nearly 20 em were observed in the cen-
tral portion of the eddy, located farther off-
shore. The ellipsoidal eddy formed a SSH 
ridge that extended into the coastal region be-
tween the Mississippi Delta and Cape San Bias. 
The SSH values near and on the shelf are likely 
to be less accurate, but the ridge shows lower 
SSH values than offshore, or values of 5-10 em. 
The geostrophic current field inferred from 
this SSH distribution leads to convergence 
near the Mississippi River Delta, eastward flow 
along the coast, and offshore flow in the vicin-
ity of Cape San Blas (Fig. 7). 
DISCUSSION 
The large, coherent cold water tongue ob-
served between November and May along the 
West Florida Shelf (panels 2, 3, Fig. 2) is im-
portant because it represents recurrent and 
persistent regional-scale upwelling (Yang and 
Weisberg, 1999). It is likely to be important for 
the ecology of the NEGOM because it is asso-
ciated with elevated phytoplankton concentra-
tions and serves as a mechanism for dispersal 
of river water along the West Florida Shelf 
break (Gilbes et al., 1996). 
This seasonal cold plume serves as the back-
ground on which winds and transient eddies 
may modulate coastal water temperatures in 
the NEGOM. Specifically, coastal waters off the 
Florida Panhandle showed repeated cooling 
events superimposed on a general warming 
trend between May and July 1998 (Fig. 4). 
These waters remained cooler at all times than 
air temperatures and water temperatures off 
Alabama and were 3-4 C cooler than offshore 
waters (panels 3-6, Fig. 2; Fig. 3). They also 
occurred exclusively under eastward winds. 
This strongly suggests that the cooling events 
seen along the Florida Panhandle coast were 
the result of wind-driven coastal upwelling as 
opposed to cooling through heat exchange 
with the overlying atmosphere. The repeated 
cooling and warming indicated strengthening 
and weakening of the upwelling process. 
Chuang et al. (1982) and Schroeder et al. 
(1987) concluded that the nearshore circula-
tion off eastern Louisiana, Mississippi, and Al-
abama is strongly wind dependent, in spite of 
the potential for westward geostrophic flow 
generated by coastal fresh water input (Schroe-
der et al., 1987). Chuang et al. (1982) also 
found that winds during summer were relative-
ly mild, with bursts spaced about 10 d apart or 
longer, but that wind magnitudes rarely ex-
ceeded about 8 m·s- 1. The Hellerman and Ro-
senstein (1983) climatological winds show that 
on the average, winds in the NEGOM around 
29°N, 89°W have a westward component on a 
year-round basis, with a southward component 
between January-March and September-De-
cember and a northward component between 
April and August. The zonal component of 
these climatological winds shows a minimum 
in July, and the meridional component shows 
its minimum in August. 
However, if wind data are examined on an 
annual basis, each year may show a different 
mean orientation of the wind, as found by 
Chuang et al. (1982). Indeed, as shown above, 
the wind records from NDBC buoy 42040 show 
that winds in the NEGOM can be strong and 
have variable direction during summers. How-
ever, strong eastward winds are infrequent, 
reaching 32% of the time between May and 
August only in 1998 and less in 1996, 1997, and 
1999. Clearly, inferences made based on Hell-
erman and Rosenstein (1983) wind climatolog-
ical products are misleading because they av-
erage wind direction as well. Instead, shifting 
winds may lead to an inconsistent summer cir-
culation pattern on the shelf. 
There are specific instances of baroclinic 
forcing along the· shelf break that lead to 
strong (>30 cm·s-1) currents along the shelf 
in the NEGOM (Paluszkievicz et al., 1983). 
Chuang et al. (1982), for example, speculated 
that currents off Alabama in 1976 showed a 
stronger cross-shelf component because of a 
northward intrusion of the Loop Current de-
scribed by Vukovich et al. (1979). The obser-
vations of Huh et al. (1981) and Schroeder et 
al. (1987) also support earlier inferences that 
the Loop Current plays an important role in 
exchange of water along the shelf break in the 
region. Such stronger currents, affected by in-
teraction of large-scale circulation features 
such as the Loop Current and eddies with shelf 
waters, are also evident in trajectories of drift-
ing buoys deployed by the Minerals Manage-
ment (Muller-Karger et al., 1998). 
The strong anticyclone shed early in 1998 
from the Loop Current drifted into the NE-
GOM in April and interacted with shelf waters 
over the narrow shelf and within DeSoto Can-
yon off the Florida Panhandle. The hydro-
graphic structure of the anticyclone shows an 
upward tilting of isopleths toward the coast off 
the Florida Panhandle, particularly in the vi-
cinity of DeSoto Canyon (Nowlin et al., 2000). 
Also, the eastward wind pulses observed re-
peatedly between May and July 1998 (Fig. 5) 
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were favorable to forcing of coastal upwelling 
along the east-west coast of the Florida Pan-
handle. Both of these processes acted together 
to enhance coastal upwelling in the region be-
tween May and July 1998. Although upwelling-
favorable winds were observed every year be-
tween 1994 and 1999, they were less frequent 
than in 1998, and they probably acted on wa-
ters in which the thermocline was deeper. 
The anticyclonic eddy also led to warming 
immediately off the shelf relative to other 
years. This area typically would experience the 
effect of the large, regional cold plume early 
in the year (as in panel 2, Fig. 2), with surface 
temperatures of 20-22 C, in February. How-
ever, in February 1998, surface temperatures 
reached 26 C as far north as 27°N (Station 1, 
Fig. 3; see also Miiller-Karger et al., 1991). In 
May-:June 1998, waters at 27°N were still 2-3 C 
warmer than their seasonal average for that 
time (Fig. 3, curve for Station 1). 
The question remains, then: what caused the 
anomalous fish kills and discolored water in 
the NEGOM during June and July 1998? The 
answer to this question may lie in the interac-
tion between the winds, upwelling, and the dis-
persal pattern of Mississippi and other river wa-
ter during this period. 
Over northern Florida, rainfall and river dis-
charge during winter and spring of El Nino 
years is higher than normal (Sun and Furbish, 
1997). This was also the case for the El Nino 
episode of 1997-1998 (Schmidt et al., 2000). 
The increased discharge delivered to the NE-
GOM in spring 1998 may be expected to lead 
to higher than normal nutrient availability and 
blooming of phytoplankton along the coast 
(Gilbes et al., 1996). The SeaWiFS data also 
suggest that a large volume of Mississippi 
plume water moved from the central Louisiana 
coast, around the tip of the Mississippi Delta, 
and eastward into the NEGOM in May and 
June 1998. Such eastward movement of Missis-
sippi water is not unusual (Schroeder et al., 
1987; Miiller-Karger et al., 1991; Muller-Karger, 
1993). However, combined with the large dis-
charge from local rivers, lower than normal sa-
linity should have occurred along the coast in 
the NEGOM during early 1998. Further, this 
discolored, fresh water was trapped off the 
Florida Panhandle from about the second 
week of June through about 10 July by weak 
and westward winds (Fig. 5). The discolored 
water moved east again after 15 July and even-
tually cleared the area in late July, after winds 
became strong and eastward. 
To understand the cause for the inferred 
condition of hypoxia observed off the Florida 
Panhandle in spring 1998, an analogy may be 
established with the phenomenon observed 
annually off the Mississippi Delta west of 890W. 
There, the seasonal peak in discharge of the 
Mississippi and Atchafalaya Rivers leads to sub-
stantial phytoplankton blooms. Under condi-
tions of weak winds, vertical mixing is inhibited 
and these blooms sink and decompose, caus-
ing seasonal hypoxia in bottom waters (Turner 
and Allen, 1982; Walsh, 1988; Turner and Ra-
balais, 1991; Justic et al., 1993; Atwood et al., 
1994; Rabalais et al., 1996). The oxygen deple-
tion begins in late spring, reaches a maximum 
in midsummer, and disappears in the fall. The 
area affected has grown and covers approxi-
mately 18,000 km2 every year but has not yet 
been reported to extend into the eastern sec-
tor of the Mississippi Delta. The problem oc-
curs in the middle of an important commercial 
and recreational fisheries area and is consid-
ered a threat to the economy of this region of 
the Gulf. A similar but much more modest 
condition seems to occur within Mobile Bay 
(W. Schroeder, pers. comm.). 
The documentation of the massive eastward 
transport of Mississippi plume water around 
the tip of the Delta in May and June 1998 with 
SeaWiFS and oflow salinity with a hydrograph-
ic survey (Nowlin et al., 2000) is therefore sig-
nificant. The discharge of 19981ikely had a sta-
bilizing effect on the water column, which was 
enhanced during calm periods or periods of 
weak westward winds. 
Figure 8 outlines the spatial patterns expect-
ed under the hypothesis of eastward Mississippi 
plume dispersal with concurrent coastal up-
welling. Indeed, the AVHRR image for 12 May 
1998 (panel 3, Fig. 2) shows a newly upwelled 
water patch along the coast. The upwelling of 
deeper waters would displace low-salinity and 
discolored water present near the coast farther 
offshore. The SeaWiFS images for 18 May and 
5 July (panels 6, 8, Fig. 6) confirm separation 
of the discolored plume from the coast east-
ward of about 86.5°W, with dispersal inferred 
in a southeastward direction. 
As the wind stopped or reversed, blowing 
from east to west, wind-driven upwelling would 
Fig. 8. Schematic of surface dispersal of low-salinity water from the Mississippi River in the NEGOM 
during periods of eastward winds (top), westward winds (middle), and calm conditions (bottom). 
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cease and river water would be moved back to-
ward the coast (Fig. 8). This would be accom-
panied by inhibition of vertical mixing and of 
oxygenation, with the concomitant decompo-
sition of organic matter leading to hypoxia. 
CONCLUSIONS 
Unusual upwelling and river plume dispersal 
patterns observed in the NEGOM in May-July 
1998 were the result of a combination of fac-
tors, namely the rare northward migration of 
an anticyclonic eddy shed by the Loop Cur-
rent, a significant positive anomaly in rainfall 
associated with El Niiio of 1997-1998, and 
strong periodic eastward winds. The baroclinic 
structure of the eddy led to raised isotherms 
interacting with the continental shelf, and the 
eastward winds further enhanced upwelling 
along the coast. Through combined action of 
strong eastward winds and the motion associ-
ated with the anticyclone, Mississippi plume 
waters moved east of the delta between May 
and June 1998. Both the enhanced discharge 
and upwelling led to high chlorophyll concen-
trations in the northeastern Gulf of Mexico in 
May 1998 (W. Nowlin, D. Biggs, and F. Muller-
Karger, unpubl. in situ observations). As winds 
relaxed or became westward, the low-salinity 
water associated with river discharge contrib-
uted to vertical stability along the coast in late 
June and early July, with deposition of organic 
matter possibly leading to hypoxia in bottom 
waters near the coast. Hypoxic bottom waters 
also may have been advected shoreward in sub-
sequent upwelling episodes, leading to the an-
ecdotal reports of coastal anoxia. By late Au-
gust, most of the Mississippi and other brackish 
water had been flushed out of the NEGOM 
and had dispersed toward the Florida Keys and 
beyond. 
There are concerns that the 1998 cold water 
conditions with possible hypoxia may occur 
again in the future. It is unclear that we can 
predict recurrence. However, it appears that 
we can anticipate substantial meteorological 
and oceanographic impact from errant anti-
cyclones in the Gulf of Mexico as well as from 
rainfall patterns associated with El Niiio. 
Clearly, routine monitoring of the entire 
Gulf of Mexico with a suite of near-real-time, 
complementary satellite-based sensors is viable 
today. Similarly, early warning of El Niiio 
events seems possible today. Together, this in-
formation may help determine whether or not 
processes are underway that can lead to anom-
alous situations in deep water as well as conti-
nental shelf environments of the Gulf of Mex-
ico. 
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